Many airway sensory units respond to both lung inflation and deflation. Whether those responses to opposite stimuli come from one sensor (one-sensor theory) or more than one sensor (multiple-sensor theory) is debatable. One-sensor theory is commonly presumed in the literature. This article proposes a multiple-sensor theory in which a sensory unit contains different sensors for sensing different forces. Two major types of mechanical sensors operate in the lung: inflation-and deflationactivated receptors (DARs). Inflation-activated sensors can be further divided into slowly adapting receptors (SARs) and rapidly adapting receptors (RARs). Many SAR and RAR units also respond to lung deflation because they contain DARs. Pure DARs, which respond to lung deflation only, are rare in large animals but are easily identified in small animals. Lung deflation-induced reflex effects previously attributed to RARs should be assigned to DARs (including pure DARs and DARs associated with SARs and RARs) if the multiple-sensor theory is accepted. Thus, based on the information, it is proposed that activation of DARs can attenuate lung deflation, shorten expiratory time, increase respiratory rate, evoke inspiration, and cause airway secretion and dyspnea. afferents; lung deflation; receptors; reflex; vagus nerve IN 1868, HERING AND BREUER [English version translated by Ullmann (38)] observed that lung inflation suppresses inspiratory activity and promotes expiration (Hering-Breuer inflation reflex), whereas lung deflation stimulates inspiratory efforts by increasing respiratory rate and inspiratory force (HeringBreuer deflation reflex). These effects are ablated following bilateral vagotomy or by cooling the vagus nerve to block nerve conduction of myelinated afferents (Fig. 1) , indicating mediation via the vagal myelinated pathway. Because removing inhibitory signals can cause excitation, the question remains whether inflation and deflation effects are mediated through the same inhibitory afferent pathway. In 1889, Head (12) showed that lung deflation produces more inspiratory activity than vagotomy, although both procedures removed the same inhibitory information transmitted via the vagus nerve. He predicted that deflation excites a specific group of sensors distinct from the inhibitory one during lung inflation. By the turn of the millennium, researchers believed that there were only three major types of airway receptors: C-fiber receptors, rapidly adapting receptors (RARs), and slowly adapting receptors (SARs) (8, 22, 27, 30, 33, 46) . RARs and SARs are mechanosensors or sensors. They send signals to the brain in myelinated afferents. SARs are believed to be responsible for the Hering-Breuer inflation reflex, but sensors for the Hering-
Breuer deflation reflex have never been agreed upon. Most researchers believe that in addition to a reduction in SAR activity, activation of RARs causes the reflex effects (8, 43) . Many SARs are activated by lung deflation (Fig. 2) . Judging from the responses to deflation, both RARs and SARs should be equally as effective in producing the deflation reflex. However, RARs, not SARs, are believed to be responsible for the deflation reflex. In the literature, the term "deflation receptor" repeatedly appears but has never been accepted as one of the airway sensor categories. This article provides evidence and arguments in support of deflation-activated receptors (DARs) as a distinct group of airway sensors that mediate the HeringBreuer deflation reflex. 1 
A BRIEF HISTORY
Sensors responding to forced deflation (by suction of air from the lung) were first described by Keller and Loesor (15) in 1929, in multiple fiber recordings in the rabbit. In 1933, using single fiber recording 2 in cats and rabbits, Adrian (1) described SARs. Many of the SARs responded to forced lung deflation with slowly (the majority) or rapidly adaptation. This has been confirmed by other researchers in cats (10, 28, 44) and rabbits (24) . Adrian stated: "It is possible and indeed likely that some of the endings which react to suction are those which react normally to inflation, for both inflation and extreme deflation might stretch the tissues in which they lie. But there is no doubt that deflation calls a new set of endings into play as well." However, a pure DAR was never illustrated. Adrian attributed the Hering-Breuer inflation reflex to SARs and believed that the sensors responding to extreme deflation were responsible for the deflation reflex. In 1946, Knowlton and Larrabee (16) divided airway sensors into RARs and SARs in cats. Two-thirds of RARs and onethird of SARs also responded to lung deflation (Fig. 2) . Furthermore, they found that RARs have a higher threshold to lung inflation (16) . Lung inflation can stimulate inspiration but occurs only at high lung volumes. The time course and activation range of the reflex match the profile of RAR activation (21) . Thus, they believed that activation of RARs stimulates inspiration and proposed that activation of RARs during lung deflation is responsible for the deflation reflex (16) .
Paintal (28) reported DARs and stated: "The observation of Adrian that forced deflation calls a new set of endings into play finds confirmation in the present investigation." However, Paintal (29) later found that some sensors responded to lung deflation with short bursts of low-discharge frequency, noted that they differed from the DARs reported previously (1, 16, 28) , and claimed them to be deflation receptors. Because these receptors were readily activated by right atrial injection of chemicals, he believed they were located near the pulmonary capillaries, and renamed them juxtapulmonary capillary receptors (J receptors) (30) . Paintal abandoned his earlier theory that the deflation reflex is caused by activation of DARs in favor of a reduction in low-threshold SAR activity (31) . He did not attribute the deflation reflex to stimulation of RARs, perhaps because he believed that RARs and SARs belong to the same group of sensors that produce similar reflex responses as reported (31) .
Widdicombe (44) found many sensors were activated during lung deflation, but pure DARs were extremely few (7 out of more than 400 sensors). He did not believe that deflationinduced activities in SARs, RARs, and pure DARs were responsible for the deflation reflex (stimulation of inspiration). SARs and RARs were supposed to be inhibitory and to produce cough, respectively, whereas the number of pure DARs was too few to produce any significant reflex effects. This view was also reflected in a comprehensive review in which the deflation reflex had been discussed in depth (45) . At that time, Widdicombe believed that Paintal's deflation receptors were the most likely ones for the deflation reflex. However, after further studies of RARs, he accepted that activation of RARs could contribute to the deflation reflex (36, 42) .
Sant'Ambrogio and his group of researchers (2, 3, 26, 35) recognized that a bidirectional response is a major property of SARs. For example, more than 90% of tracheal SARs respond to both positive and negative pressures (2) . They believed that these SARs were in the membranous back wall of the trachea, which can be stretched either during lung inflation or deflation (3, 35) , and commented that their reflex effects were uncertain, but expected to be inhibitory on inspiration if their afferents had similar central connections as other SARs (3). Sant'Ambrogio mentioned deflation receptors identified by Luck (24) , Wei and Shen (41) , and Tsubone (37) : "The circumstances of activation of these receptors are obscure" (34) . Sant'Ambrogio wrote many review articles on airway sensors (33, 34) , yet offered no opinion about responsible sensors for the deflation reflex.
DARs were identified by forced lung deflation in rabbits (24, 32) and guinea pigs (5, 6, (18) (19) (20) , and were believed to be or to experimenter can distinguish them by action potential size and shape, as well as by their sound. If two active fibers have similar amplitude, shape, and sound, they cannot be differentiated without using the action potential collision technique. However, if a unit discharges regularly, potentials of activities from separate axons are extremely low [see Section 7 and Fig. 13 in Yu (48) for details].
Fig. 1. Effect of lung inflation (A and C) and deflation (B and D) on rabbit diaphragmatic electromyograms (top traces) and intratracheal pressures (bottom traces).
In controls (A and B), inflation causes a transient increase in diaphragmatic activity followed by inhibition, whereas deflation greatly increases activity. As the vagus nerves are cooled to 5°C (C and D), inflation increases diaphragmatic activity (Head's paradoxical reflex) and deflation has no effect. Adapted with permission from (45). Sensors for Lung Deflation • Yu J equal irritant receptors (i.e., RARs). Sensors that respond only to lung deflation (pure DARs) were extremely few. They were reported as not found (16, 24) or to be less than 2% of sensors (44) . However, Wei and Shen (41) reported 2-9% DARs in the cats, monkeys, and rabbits. One may doubt the validity of these findings due to low numbers. However, I believe they do exist, although they are rare, because they exist in small animals.
In contrast, pure DARs are easily found in rats and mice. In 1986, Tsubone (37) reported that some sensors discharged only during lung deflation in spontaneous breathing and mechanically ventilated rats. Their activity was suppressed by lung inflation. Similar to SARs, these DARs exhibited high basal discharge rates and slow adaptation to sustained lung deflation. These DARs had similar conduction velocities as SARs (4) . In addition to pure DARs, 64% of the RARs and 10% of the SARs responded bidirectionally and adapted slowly to lung deflation (14) . Pure DARs were also identified in mice, accounting for 5% of the sensors (53) . Sensor response to lung deflation is qualitatively the same in rats and large animals (4, 25) . Quantitatively, however, in rats a higher percentage of DARs are active during eupnea. Possibly, the low activating threshold makes the DARs more identifiable in rats. We do not know whether this difference in thresholds results from different mechanical properties of the lung or from evolutionary factors; however, the difference does have physiological significance (see REFLEX FUNCTIONS OF DARs).
REASONS FOR AND AGAINST ATTRIBUTING THE LUNG DEFLATION REFLEX TO RARs
In early days, due to the lack of detailed information about structures of sensory endings and a single afferent being shared by multiple receptors, investigators accepted RARs to be responsible for the deflation reflex. Two common beliefs significantly influence our current understanding of lung reflexes. First, connections between pulmonary sensors and the central nervous system (CNS) are line labeled (13) . This means that information from a given sensor travels over particular pathways to specific parts of the CNS to evoke reflex responses via efferent pathways. Thus, activation of a certain type of sensor elicits unique responses. The second belief is the one-sensor theory (i.e., one afferent fiber is connected with one sensor only). With these two beliefs, SARs are believed to produce inhibitory effects independent of inflation or deflation, yet RARs produce excitatory effects. Therefore, in the single-sensor theory, pure DARs would be the best candidates for producing the deflation reflex. However, they are rare in large animals and unlikely to produce significant reflex effects. Although the population of DARs is significant enough to initiate reflexes in rodents, it cannot explain reflex effects in large animals. Many SARs respond to lung deflation, but they have never been considered for the deflation reflex because they are believed to be inhibitory (line labeling) (16) . Because a larger proportion of RARs than SARs responds to deflation (10, 16, 44) , RAR activation augments inspiration, and lung deflation stimulates inspiration, RARs were proposed as being responsible for the HeringBreuer deflation reflex (16) .
Accepting RARs for the deflation reflex is also problematic. Clearly, RARs that do not respond to lung deflation cannot be responsible for the reflex. RARs that respond to lung deflation with rapid adaptation cannot play a major role because the deflation reflex is long-lasting (Fig. 1) . Thus, similar to SARs for the inflation reflex, only those sensors (slowly adapting DARs) that discharge vigorously and continuously with slow adaptation during lung deflation (Fig. 2) can be responsible for the deflation reflex. Furthermore, RARs are identified by their response to lung inflation. Using inflation stimulus to establish a deflation reflex is not justified. Thus, stating that RARs are responsible for the deflation reflex is erroneous. Roughly one-third of SARs and two-thirds of RARs respond to lung deflation (16) , yet SARs significantly outnumber RARs at a ratio of 4:1 to 10:1 (33) . Thus, the effects from SARs should be 2 to 5 times greater than RARs. 3 If you believe that deflationinduced effects from RARs and SARs are opposite, then their reflex effects will cancel each other. Interestingly, this significant input from SARs during lung deflation has largely been ignored.
OUR EXPERIENCE WITH DARs
We studied sensors in several species. Our results agree with those in previous reports. Pure DARs are rare in dogs, cats, and rabbits (48), but common in rats and mice (53) . Many SARs are activated by lung deflation (23, 47, 49) with slow adaption. Morphologically, many sensory receptor structures share a single axon (40, 50, 52) . Thus, multiple sensors may form a sensory unit. To test this hypothesis, we recorded SAR units and probed lung tissue and found that many units had multiple receptive fields. By blocking a field with lidocaine, we found that each field had an encoder (51), supporting a multiplesensor theory. We further tested whether inflation and deflation activate different sensors by examining units with bidirectional 3 One reviewer believes that using 1 ⁄3 of SARs and 2 ⁄3 of RARs [reported by Knowlton and Larrabee (16) ] responding to lung deflation for reasoning is faulty, because in the author's own publications (47, 49) , only a limited number of SARs responded to lung deflation. Because earlier papers (1, 16, 44) directly compared percentages of SARs and RARs that responded to forced lung deflation, I believe that making a statement on the basis of these values is appropriate. Regarding my own papers, first, in (47) , only 11% of SARs responded to lung deflation. The percentage is small because the stimulus [removal of positive end-expiratory pressure (PEEP)] was weak, compared with the negative pressure used in previous studies. In Yu et al. (49) , we selected "typical" RARs and SARs to demonstrate that RARs are responsible for deflation-induced airway secretion. Different strengths of lung deflation [PEEP and negative end-expiratory pressure (NEEP)] were used to assess responses. Because "typical" RARs and SARs are defined as having increased vs. decreased activities during lung deflation (23, 47) , all RARs were (all SARs were not) stimulated by PEEP removal. That study was unintentionally biased. Based on information in Yu (47) and Yu et al. (49) , input from SAR units during lung deflation is significant. During NEEP application, activities in SARs (averaged over 10 complete ventilator cycles) increased by 3 Hz, whereas RARs increased by 3.4 Hz [ Table 1 in Yu et al. (49) ]. Numerically, during deflation-phase activities in SARs increased more than in RARs if that SAR activity decreased significantly during inflation phase is taken into the consideration. The reviewer particularly indicated that Yu et al. (49) reported: "A few slowly adapting receptors were stimulated by NEEP, but overall the effects of these two procedures on slowly adapting receptors were not significantly different." First, the overall difference refers to the total discharge frequency. However, we knew that during NEEP application, activities in the deflation phase would increase significantly, whereas activities in the inflation phase would decrease significantly. Now, I believe that unit inputs during inflation and deflation phases exert different effects. Second, a few means more than two. If 3 or 4 (out of 12 units) responded, it means that 25-33% of SAR units that did not respond to PEEP removal responded to NEEP application. Assuming that 11% of SAR units (47) also respond to PEEP removal, 36 -44% would respond to forced lung deflation. This figure agrees well with earlier reports.
Sensors for Lung Deflation • Yu J responses and with multiple receptive fields and found that injection of lidocaine into a field may selectively block inflation or deflation response (23) (Fig. 3) . Furthermore, we demonstrated that a single sensory unit may contain both RARs and SARs (Fig. 4) , 4 because injection of lidocaine into a selected field may block the rapidly adapting component of the unit in response to lung inflation, whereas the slowly adapting component remained unchanged (23) . Thus, the deflation induced response cannot be specifically linked to either SAR or RAR responses. These results support the multiple-sensor theory and justify the classification of DARs as a separate group of sensors (pure DARs and the DARs associated with SARs and RARs) to sense lung deflation and to produce deflation-induced responses. Demonstration of multimodal sensors in a unit does not, however, disprove the existence of sensors that respond to both inflation and deflation.
CONCEPT OF A SENSORY UNIT
In the multiple-sensor theory, a single fiber recording is a single unit but not a single sensor recording (48) . A sensor is a sensory device that may independently respond to stimuli to generate action potentials. Inflation and deflation are two different stimuli that activate different types of sensors, and consequently elicit respective reflex effects. A sensory unit contains multiple homogeneous or heterogeneous sensors. The composition of sensors determines the unit behavior. If a unit contains homogeneous DARs, it will respond to deflation only. If a unit contains DARs and inflation-activated receptors (SARs/ RARs), then it will show bidirectional responses [i.e., it will respond to both lung deflation and inflation (slowly adapting/ rapidly adapting)]. Thus, an RAR unit that responds to lung deflation contains at least two types of sensors, RARs and DARs, responding to lung inflation and deflation, respectively.
After accepting the multiple-sensor theory, it is necessary to comment on how neurons in the CNS can decode the information. Multiple heterogeneous sensors transmitting their information in one pathway violates the "labeled-line doctrine" (13) . Although the detailed mechanisms are unknown, the CNS can decode heterogeneous information (48) . The pattern of the coding is equally important as the frequency (11) . The information transmitted by RARs and SARs can be decoded discriminately because they have different discharge patterns. In addition, activities from RARs and SARs can easily be differentiated from those of DARs at the central level because they arrive during different respiratory phases (48) . Thus, RARs, SARs, and DARs (rapidly or slowly adapting ones) can be uniquely activated by their adequate stimuli to produce respective reflex responses.
REFLEX FUNCTIONS OF DARs
In the multiple-sensor theory, DARs respond to lung deflation and are therefore responsible for deflation-induced effects. Activation of DARs initiates the Hering-Breuer deflation reflex, which stimulates inspiration and shortens expiratory time (17) . Inspiratory stimulations from RARs and DARs are very different reflexes, although they may ascend in the same afferents. In anesthetized rabbits, after inhalation of sulfur dioxide to block SARs, a brief negative-pressure pulse during inspiration augments breath, during expiration shortens expiration (9) . Lung deflation causes secretion by tracheal submucosal glands (49) and bronchoconstriction (7) in dogs. These effects have been previously ascribed to RARs, but they should belong to DARs. Patients with acute severe pneumothorax Fig. 4 . A sensory unit contains both SAR and RAR. During lung inflation (A), the unit starts with SAR activation, producing a low discharge frequency; as the airway pressure increases, the RAR is activated (two arrows) and the unit discharges with very high frequency. During constant lung inflation, the unit fires with a higher frequency (from the RAR) initially but rapidly adapts to a steady state (from the SAR). By blocking the RAR with local injection of lidocaine (B) the rapidly adapting component disappeared and only the slowly adapting component remained, which exhibited continuous lower discharge frequency during inflation. See Fig. 3 for abbreviations. Adapted with permission from (23). Sensors for Lung Deflation • Yu J experience intense dyspnea, tachypnea, and hyperpnea, which directly correlate with severity of lung collapse. This indicates that DARs are important contributors to acute deflation.
If DARs produce opposite reflex effects to their counterparts (RARs and SARs), they could comprise a dual system for breathing control. In large animals, DARs are inactive during resting condition, thus they would not participate in breathing control during eupnea. However, as respiratory efforts increase, such as during exercise, active expiration decreases functional residual volume, which may activate DARs. This adds a regulatory arm to breathing control. Similarly, basal activities in DARs in small animals magnify the control power by forming a dual system to perform a vigorous, push-pull control to maintain high respiratory rates. Indeed, end-expiratory volume in small rodents is not determined by the balance of elastic forces as it is in humans. Expiration is interrupted by inspiration so that end-expiratory volume is above relaxation volume (39) .
It needs to be mentioned that up till now we still do not know whether the response pattern of a sensor to inflation or deflation results from an intrinsic property or from the mechanical coupling (due to the sensor location). Furthermore, the existence of deflation-activated receptors supports the notion that they are responsible for the reflex induced by lung deflation. The evidence to date does not rule out the possibility that some components of the reflex response could result from another pathway, such as reduction of SAR input or activation of other pulmonary sensors, including C-fiber receptors.
CONCLUDING REMARKS
Conventionally, with the one-sensor theory, RARs are believed to be responsible for the Hering-Breuer deflation reflex. This view has been challenged. Increasing evidence supports a multiple-sensor theory in which a sensory unit contains different types of sensors for different stimuli. Many airway sensors respond to lung deflation. Their activity ceases during lung inflation. These sensors often share afferent fibers with SARs and/or RARs to transmit signals in large animals, but they may operate independently in small animals. These types of sensors should be classified as DARs. Activation of DARs may cause the Hering-Breuer deflation reflex, airway secretion, and dyspnea.
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